M. Salzano de Luna, G. G. Buonocore, C. Giuliani, E. Messina, G. Di Carlo, M. Lavorgna, L. Ambrosio, G. M. Ingo, *Angew. Chem. Int. Ed.* **2018**, *57*, 7380.

Corrosion is a natural process that leads to the gradual loss of the structural and functional properties of metal objects due to chemical reactions with the surrounding environment.[1](#anie201713234-bib-0001){ref-type="ref"} The related financial losses have been already assessed in several studies, which concluded that premature materials degradation costs to industrialized nations up to 3--4 % of their gross domestic product.[2](#anie201713234-bib-0002){ref-type="ref"} When considering the effects of corrosion on unique metal works of art, the detriment provoked to the whole mankind becomes invaluable.[3](#anie201713234-bib-0003){ref-type="ref"} This motivates a constant search for effective strategies to arrest, or at least slow down, the deterioration processes related to corrosion phenomena of metal artworks. Nowadays, the application of protective organic coatings is one of the most widespread approaches for the protection of metal surfaces.[4](#anie201713234-bib-0004){ref-type="ref"} Besides acting as a mere passive barrier that prevents the interaction with aggressive agents in the environment, the new generation of protective coatings also exhibits an active functionality. The latter is typically achieved through the addition of corrosion inhibitors, which form a thin layer of metal--inhibitor complexes covering the underlying surface and protecting it from corrosion.[5](#anie201713234-bib-0005){ref-type="ref"} From an historical perspective, benzotriazole and related compounds have been widely studied and successfully exploited.[6](#anie201713234-bib-0006){ref-type="ref"} Owing to concerns about their toxicity, more recently great efforts have been directed towards the identification of alternative less harmful solutions.[7](#anie201713234-bib-0007){ref-type="ref"} Nonetheless, thanks to their outstanding efficacy, heterocyclic compounds are still among the most used corrosion inhibitors for both industrial applications and heritage conservation purposes, especially in the case of copper and copper‐based alloys.[3](#anie201713234-bib-0003){ref-type="ref"} A critical limitation of this class of corrosion inhibitors, however, is represented by their light‐sensitivity.[8](#anie201713234-bib-0008){ref-type="ref"} This leads to the following paradox: metals need protection against corrosion, but the protective coating itself requires to be preserved from light‐induced degradation. Up to now, however, the photochemical degradation of corrosion inhibitors has not received sufficient attention, and typically the problem is technologically overcome by using UV stabilizers. In fact, the few studies on this topic focused on the decomposition of corrosion inhibitors in solution. Hence, pending questions remain about the photodegradation of corrosion inhibitors within polymeric coatings, as well as about the anticorrosion efficacy of the resulting degradation products.[8c](#anie201713234-bib-0008c){ref-type="ref"} Herein we report the first targeted study on the detrimental effect of light irradiation on the protective ability of polymeric coating containing 2‐mercaptobenzothiazole (MBT) as representative heterocyclic corrosion inhibitor for copper‐based alloys. We highlight that the decomposition kinetics upon UV or artificial light exposure is a relatively rapid process, and that the degraded molecules quickly lose their anticorrosion ability. More importantly, we also show that loading the MBT molecules into layered double hydroxide (LDH) nanocarriers is an effective way to slow down their photodegradation. To date, the use of nanocarriers has been mainly proposed to control the release and so the availability of the host inhibitor molecules.[9](#anie201713234-bib-0009){ref-type="ref"} In such systems, the delivery of anticorrosion compounds can be triggered by external stimuli to realize protective coatings with self‐healing features.[10](#anie201713234-bib-0010){ref-type="ref"} In our study, we exploited LDH nanocarriers since they also allow a corrosion inhibitor release that can be activated by acid pH or presence of aggressive (chloride) species. Indeed, the coupling of the preservation of the corrosion inhibitor and its controlled release ensures a long‐lasting protection of bronze surfaces at relatively low amounts of nanocarriers, making the proposed strategy also suitable for the conservation of high‐value metal works of art in which the transparency and durability of the protective layer are essential requisites.

The active coatings are based on a water‐soluble highly amorphous polyvinyl alcohol (HAVOH), which was selected because of its biodegradability and excellent oxygen barrier properties.[11](#anie201713234-bib-0011){ref-type="ref"} Poly(allylamine) (PAA) was used as compatibilizer (PAA/HAVOH weight ratio=0.1) to improve the affinity between HAVOH and the metal substrate (Figure [1](#anie201713234-fig-0001){ref-type="fig"} a). The resulting coating is transparent, and the amino groups of PAA guarantee a good adhesion to the bronze surface (Figure [1](#anie201713234-fig-0001){ref-type="fig"} b). Zn‐Al layered double hydroxide nanoparticles loaded with MBT in anionic form (LDH/MBT) were used as stimuli‐responsive nanocarriers (Figure [1](#anie201713234-fig-0001){ref-type="fig"} c). Two kinds of samples were investigated, containing either 2 wt % of MBT freely dispersed in the polymer matrix or 5.5 wt % of MBT‐loaded LDH nanocarriers (corresponding to ca. 2 wt % of inhibitor), hereinafter referred to as HAVOH‐MBT and HAVOH‐LDH/MBT coatings, respectively. Additional details on the raw materials and coating preparation are reported in the Supporting Information, Section S1.

![a) HAVOH and PAA chemical structures and their possible interaction with the bronze substrate. b) Picture of a coated bronze disk (PAA/HAVOH weight ratio: 0.1). c) SEM image of LDH/MBT powder and representation of the LDH/MBT structure.](ANIE-57-7380-g001){#anie201713234-fig-0001}

The photodegradation of the corrosion inhibitor molecules was studied by monitoring over time the absorbance value of the MBT peak, *A* ~peak~, in coatings exposed to UV irradiation. The maximum absorbance wavelength, *λ* ~peak~, of MBT was found at 317 and 315 nm for HAVOH‐MBT and HAVOH‐LDH/MBT coatings, respectively (inset of Figure [2](#anie201713234-fig-0002){ref-type="fig"} a). The normalized absorbance, *A* ~N~, calculated as *A* ~peak~(*t*)/*A* ~peak~(*t=*0), is reported in Figure [2](#anie201713234-fig-0002){ref-type="fig"} a as a function of the UV irradiation time, *t* ~UV~, for the two investigated systems. In the investigated time window, the UV/Vis spectra of the neat HAVOH coatings remained unaltered (Supporting Information, Section S3.1), suggesting that the observed trends can be ascribed to phenomena involving the corrosion inhibitor molecules. Mere physical aging can also be excluded, since no variations in *A* ~N~ were noticed for coatings stored in dark conditions (Supporting Information, Section S3.2). Furthermore, possible UV‐induced interactions/reactions with other constituent of the coating were not detected (Supporting Information, Section S3.2). As a result, the decrease of *A* ~N~ exclusively reflects the decomposition of the heterocyclic inhibitor when the coating is subjected to UV irradiation. The MBT photodegradation advances significantly faster when the inhibitor molecules are freely dispersed within the coating than when loaded in the nanocarriers. More specifically, the half‐life time of MBT, *t* ~1/2~, in the HAVOH‐LDH/MBT coatings (*t* ~1/2~≈360 h) is more than three times longer than that in HAVOH‐MBT coatings (*t* ~1/2~≈110 h). The higher photostability of the MBT molecules once encapsulated into LDH nanocarriers is essentially due to the UV‐shielding action of the inorganic layered particles, which thus allow to sensibly slow down the photodegradation process. Besides demonstrating the protective ability of LDH nanocarriers, the data in Figure [2](#anie201713234-fig-0002){ref-type="fig"} a also emphasize the photoinstability of MBT molecules even when embedded into a polymeric matrix. The experiments were carried out by using long‐wave UV‐A radiation in the 350--400 nm, that is those of sunlight nearly the Earth\'s surface. Hence, our results confirm that photosensitive corrosion inhibitors freely dispersed in polymer matrices are not suitable for external applications. Further analyses were performed to inquire into the decomposition of MBT in indoor environments (Figure [2](#anie201713234-fig-0002){ref-type="fig"} b). For this purpose, the coatings were stored at ambient conditions in a room only illuminated by fluorescent lamps (Supporting Information, Section S2.2). Notably, the photodegradation kinetics of the corrosion inhibitor is relatively fast also in this condition, and the overall scenario is similar to that observed in the case of UV irradiation. The photodegradation data for UV and artificial light exposure have been satisfactorily fitted by a third‐order and a second‐order reaction model, respectively (Supporting Information, Section S3.4). This difference is related to the different wavelength range used in the two tests, as already found for photolysis of 2‐mercaptobenzothiazole in solution.[8a](#anie201713234-bib-0008a){ref-type="ref"} For artificial light irradiation, the analysis of the computed reaction rate constants evidenced that the photodegradation process is slowed down three‐fold thanks to the use of LDH nanocarriers.

![Photodegradation kinetics of MBT in HAVOH‐based coatings under a) UV irradiation and b) artificial lighting. Solid lines are guides for the eye. The inset in (a) shows representative UV/Vis spectra of HAVOH‐MBT (solid line) and HAVOH‐LDH/MBT (dashed line) coatings having the same thickness and total MBT amount. c) Photodegradation kinetics of MBT in HAVOH‐based coatings containing commercial UV absorbers/light stabilizers and HAVOH‐LDH/MBT coatings. The average transmittance of the coatings is reported in the inset.](ANIE-57-7380-g002){#anie201713234-fig-0002}

To fully appreciate the advantages arising from the use of LDH nanocarriers, we compared their protective efficacy to that of commercial UV absorbers/light stabilizers suitable for water‐based coating formulations (Supporting Information, Section S1.3).

Figure [2](#anie201713234-fig-0002){ref-type="fig"} c shows that relatively high concentrations of commercial products (\>15 wt %) are needed to ensure a protection efficacy comparable to that obtained by using LDH nanocarriers. Consequently, the average transmittance of the coatings, *T* ~av~, is severely undermined (inset of Figure [2](#anie201713234-fig-0002){ref-type="fig"} c), which is often not acceptable especially for cultural heritage conservation purposes. Besides safely storing the corrosion inhibitor by protecting it from photodegradation, LDH nanocarriers also allow the controlled release of MBT molecules triggered by corrosion related stimuli, such as pH changes or presence of aggressive species. MBT release measurements were carried out on LDH dispersions in different media (Figure [3](#anie201713234-fig-0003){ref-type="fig"} a). An acid pH determines an increase of the MBT concentration, *c* ~MBT~, due to the combination of anion exchange processes and partial dissolution of the inorganic layers of the LDH nanoparticles. The presence of chloride species also induces a boosted release of inhibitor molecules, whose amount ultimately depends on the chemical ion‐exchange equilibrium.[9b](#anie201713234-bib-0009b){ref-type="ref"} More importantly, the responsive feature of the LDH nanocarriers is also preserved when they are embedded in the organic matrix, as evidenced by the evolution of UV/Vis spectra of HAVOH‐LDH/MBT coatings exposed to hydrochloric acid vapors (Figure [3](#anie201713234-fig-0003){ref-type="fig"} b). The value of *A* ~peak~ increases and *λ* ~peak~ shifts to higher wavelengths values (from about 315 nm to about 317 nm after 5 hours of treatment). Since the UV/Vis spectrum of MBT molecules freely dispersed within the HAVOH matrix is characterized by higher optical density and wavelength position of the maximum absorbance peak with respect to MBT encapsulated into LDH nanocarriers (inset of Figure [2](#anie201713234-fig-0002){ref-type="fig"} a), the combination of these two events can be regarded as a fingerprint of the inhibitor release process.

![a) MBT concentration after UV irradiation of LDH dispersions and subsequent release in different water/ethanol media. b) UV/Vis spectra of UV‐irradiated HAVOH‐LDH/MBT coatings deposited on glass slides before and after 2 and 5 hours of exposition to hydrochloric acid vapors at 50 °C.](ANIE-57-7380-g003){#anie201713234-fig-0003}

From a practical perspective, the main concern arising from the photodegradation of corrosion inhibitors is related to the eventual loss of their protective properties. We thus evaluated the effect of UV irradiation on the anticorrosion efficacy of HAVOH‐based coatings by accelerated corrosion tests, in which coated bronze disks were exposed to acid vapors. In particular, the samples were kept at 50 °C in a closed glass vessel containing 1 [m]{.smallcaps} HCl (additional details in the Supporting Information, Section S2.4). Hydrochloric acid was selected as model aggressive agent because chloride species are responsible for the well‐known bronze disease, that is the irreversible and nearly inexorable corrosion process that characterizes copper‐based alloys.[12](#anie201713234-bib-0012){ref-type="ref"} In the case of UV‐irradiated HAVOH‐MBT coatings, a significant amount of corrosion products (mainly copper oxide and copper hydroxychlorides) can be recognized on the metal surface after only 30 min of accelerated corrosion treatment (Figure [4](#anie201713234-fig-0004){ref-type="fig"} a).

![Representative optical micrographs (scale bar=20 μm) of the coating/metal interface in UV‐irradiated (two weeks exposure) bronze disks covered with a) HAVOH‐MBT and b) HAVOH‐LDH/MBT coatings before and after accelerated corrosion treatments of different duration. c) Percentage of corroded surface after accelerated corrosion treatment.](ANIE-57-7380-g004){#anie201713234-fig-0004}

Evidently, the photodegradation of the inhibitor molecules brings about a dramatic reduction of their anticorrosion ability. More specifically, the protective efficacy against corrosion of the HAVOH‐MBT coatings extinguished after two weeks of UV irradiation or equivalently after only 5--6 months of indoor exposition, according to correlation between data in Figure [2](#anie201713234-fig-0002){ref-type="fig"} a and b. It thus emerges that the use of active coatings containing photosensitive corrosion inhibitors freely dispersed in the polymer matrix in real‐life applications is questionable, owing to the relatively fast loss of protective properties over time. In fact, this holds true not only for cultural heritage preservation purposes, but also for any application for which a long‐lasting anticorrosion protection is aimed. On the other hand, despite the extremely aggressive conditions adopted for the tests, the HAVOH‐LDH/MBT coating perfectly protects the bronze substrate during 30 minutes of accelerated corrosion treatment (Figure [4](#anie201713234-fig-0004){ref-type="fig"} b). The nanocarriers are able to safely store the MBT molecules, thus keeping the coating able to protect the underlying metal substrate. Indeed, the appearance of the disk surface is identical to that of the non‐treated system, and the percentage of corroded surface, *S* ~corr~, is negligible (Figure [4](#anie201713234-fig-0004){ref-type="fig"} c). After one hour of accelerated treatment, *S* ~corr~ increases to about 50 %, which is still lower than that reached with HAVOH‐MBT coating after only 30 minutes (*S* ~corr~≈65 %). The computed data in terms of percentage of corroded surface highlight the effective photodegradation resistance and durable anticorrosion efficacy of MBT molecules encapsulated into LDH nanocarriers.

In conclusion, we present the first experimental evidence of MBT photodegradation in polymeric coatings subjected to either UV exposure or artificial light irradiation. We show that the loss of the anticorrosion efficacy of the inhibitor molecules after photodegradation compromises the use of active coatings for any external or internal application in which durable performances are needed. Most importantly, we highlight that the photodegradation process is remarkably hindered by encapsulating the corrosion inhibitor into inorganic LDH nanocarriers. The MBT molecules can be then released in the coating only in the presence of corrosion‐related external stimuli. As a result, active coatings containing inhibitor‐loaded LDH nanocarriers are suitable for a long‐lasting protection of metal surfaces from corrosion. Notably, the reliable and durable anticorrosion efficacy of the developed HAVOH‐LDH/MBT coatings is coupled with high transparency. This aspect represents a crucial requisite for cultural heritage conservation purposes, especially in the case of metals with mirror‐like finishing such as those here investigated. More in general, the obtained results can motivate the development of novel approaches for the protection from photodegradation of corrosion inhibitors based on light‐sensitive heterocyclic compounds.
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